Abstract: Soil pore volume as well as pore size, shape. type (i.e., biopore vs. crack), continuity, and distribution in soil affects soil water and gas exchange. Vertical drainage and lateral drainage of water by gravitational forces occur through large noncapillary soil pores, but redistribution and upward movement of water occur through capillary soil pores. The purpose of this study was to apply equations for K(0) and intrinsic permeability for different pressure head (i.e., pore size) ranges of soil based on water retention curves for calcareous sandy loam soil and alluvial clay soils. The equations were then used to compare measured and predicted K(0) for silt loam soils. Three soils with three depths each were used to examine the concepts based on water retention curve, saturated hydraulic conductivity, and hulk density measured from undisturbed cores. Unsaturated hydraulic conductivity was determined from undisturbed columns of silt loam soils using instantaneous profile method based on evaporation rather than drainage. Predicted unsaturated hydraulic conductivity was point based rather than curve based. The nonswelling sandy loam soil had quite different predicted unsaturated hydraulic conductivity from those of the saline and nonsaline clay soils. The predicted unsaturated hydraulic conductivity was in the vicinity of the measured data from the silt loam columns, but the overall root mean square error was 1.042 for log-transformed data. The point-based unsaturated hydraulic conductivity equations were useful for line-textured soil and incorporated flow reduction in dry soil caused by sorbed water, as well as enhanced flow through large pores at the wet end.
tribution, also an effort to reduce the number of parameters. Schaap and van Genuchten (2006) modified the one-region approach for better macropore fit near saturation.
Pore-based approaches have been used in the past (e.g., Jackson et al., 1965; Kunze et at., 1968) . The benefit of calculating K(S) at specific points is that no specific curve shape is assumed: however, insertion into simulation models becomes more difficult (Schaap and van Genuchten, 2006 ). This study is based on calculations at specific points rather than assumed shapes for K(S) and 0(h). Point-based approaches are more suitable for soils high in silt and clay, whereas equations based on specific assumed shapes are more suited for sandy soils. We specify 10 kPa as the pressure head corresponding to the cutoff between capillary and noncapillary pores, as was done by Marshall (1956) . The volume of pore space, shape, size, continuity, and distribution of pores through different soils are not constant, but vary according to changes in the physical and chemical conditions of the soils (Durner. 1994) .
The aim of this work was to apply equations for K (S) and intrinsic permeability for different pressure head (i.e.. pore size) ranges of soil based on water retention curves for calcareous sandy loam soil and alluvial clay soils. The equations were then tested by comparing measured and predicted K (S) for silt loam soils.
MATERIALS AND METHODS
Three soil profiles that had different textum'es. CaCO3 contents, and salinity were chosen. Borg sandy learn located at El-Arab was a calcareous sandy loam and Shebtn clay soil (-41% clay) located at El-Korn was nonsaline. An unidentified clay soil (>60% clay) collected at El-Khamsein was saline ('Fable 1). Soil samples were taken from three depths for each profile. Undisturbed soil samples were collected in steel rings 150 mm long and 60 mm inner diameter. The undisturbed soil samples were used to determine bulk density, the soil water retention curve by desorption for pressure heads up to 100 kPa, and the saturated hydraulic conductivity by the falling head method (Klute and Dirksen. 1986). For all sites, disturbed soil samples were air-dried, gently crushed, sieved through a 2-mm sieve, and used for analysis of desorption at higher pressure heads, specific surface area, CaCO 3 , salinity (electrical conductivity), and sodium adsorption ratio (SAR). The SAR was calculated as
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Pore Size Classes
Pore size classes were determined from soil water retention curves by the relationship between equivalent cylindrical pore size radius (r) and Ii (head in meters) (Hillel, 1980) :
where y is surface tension between liquid and air (at 20 °C = 0.0727 kg s 2 ), cos a is assumed to be 1 for a wettable surface, g is acceleration caused by gravity (9.8 m 's-2 ), and p is density for water (w) and gas (a). The density of water at 20 °C equals 998 kg m , which is much greater than the density of gas. Thus, the density of gas is usually ignored. Using Eq.(2), the cutoff equivalent r were 15, 4.5. and 0.10 p.m for 4i of 10, 33, and 1500 kPa, respectively. The ratio of air to water in soil equals (e14 rn,)/(6<4 5 p.rn) at field capacity, based on the assumption that when soil has drained to field capacity, the larger pores are air filled and the smaller pores are water filled. The available water ratio (AWR) equals (e01 (15 11)i(O.-45 which is the ratio of available water to the amount of water in storage pores. The limit between adsorbed layers (films) and wetting films is the adsorption moisture capacity (Wa) (Amer, 1993) :
where Wm is the monoadsorbed layer of water vapor on soil particles and Wme is the external monoadsorbed layer of water vapor. The adsorbed films are considered to be immobile water content. To estimate Wm and Wine, the relationship between relative vapor pressure (P/Pa) and moisture content (W%) can be experimentally obtained by maintaining a soil sample in isothermal equilibrium with an atmosphere of water vapor. In BET theory (Brunauer et al., 1938) , the explanation proposed for the sigmoid-type isotherm is the adsorption in multimolecular layers on the surface rather than as a monomolecular one. Farrar (1963) and Amer (1986 Amer ( , 1993 used the water vapor adsorption isotherm method by applying BET theory based on the assumption that the isotherm is made up of monolayer physical adsorption combined with capillary condensation.
K in Relation to Pore Size Classes
Pore sizes and volumes of pore size ranges were determined from Eq.(2) (Sudnitsyn, 1979) . Number of pores within a range can be determined from The K of one pore varies to the fourth power of the pore r and is inversely proportional to r:
So the total K(0) for n pores was derived from Eq. (4) and Eq.(6):
Overall, K(0) is
This can be multiplied by a matching factor (K/K) or the ratio of measured saturated K to that calculated at AO <1 KPa for r = 0.15 mm, especially for large noncapillary pores. The matching factor is an adjustment based on the ratio of saturated Kto the K of pores that drain rapidly at 4' = I kPa and r = 150 p.m (because r cannot = ). Adding the correction factor to Eq. (8) I CS K(0) p.gr2zeK (9) 8j K For this stud y, the pore radius was taken as the largest for the class because the data were cumulated starting at the dry end and the largest radius of the smaller class is the smaller boundary for the next larger class. The K cutoff r was matched with the AO Class, as given in Table 2 . The Wa was subtracted from AO of the >1500 kPa class. The larger classes cumulated the K from the smaller classes. The <10 kPa class was calculated by first getting the mean of the 10-to 33-kPa class and the measured K. The K values from smaller classes were then added in.
Intrinsic Permeability Models
The intrinsic permeability (k) was calculated as k=K (0) ( 10) Combine with Eq. (7) to get
This is related to pore size distributions in soils in a way similar to K(0), similar cutoff values and ranges. Again the smaller ranges are cumulative. The water drainage rate (q) was calculated as (12) where the gradient, A WAL, was set to I, and the cross-sectional area, m'2. was for the largest r of the class.
Comparison of Calculated and Measured K(s)
Sample Collection
Undisturbed soil columns were collected from a study of riparian vegetation. For this anal ysis, enough usable data were collected from one soil column taken from under no-till corn (Zea ,navs L.)-soybean (G/vcine max [L.] Men) rotation, one column from under cottonwood (Populus deltoids Bartr.), two each from under smooth brome grass (Bronius inermis Leyss.), and from under swmtchgrass (Pank'um virgatum L.) .
The undisturbed columns were 0.3 iii in diameter and 0.3 in long. Soils studied were Napier silt loam (fine-silty, mixed, mesic Cumulic Hapludoll) and Kennebec silt loam (fine-silty, mixed, mesie Cumulic Hapludoll). These soils are characterized as being moderately well drained with moderate permeability. The slope ranges from 2% to 5% for the Napier silt loam and 0% to 2% for the Kennebec silt loam.
Field excavation of the soil columns involved construction of a trench of 1.5 m deep around the bottom of the soil column. Once the trench was completed, the column was trimmed around the sides, and a PVC cylinder open on both ends was pushed down around the soil column. The gap between the undisturbed soil column and the polyvinyl chloride (PVC) cylinder was filled with heated paraffin. After the soil column was sealed with the paraffin and PVC cylinder, the column was lifted out of the trench. The surface and bottom of the soil columns were covered with polyethylene sheets and a PVC base, respectively, to prevent drying and disturbance.
Indoor Preparation
The soil columns were transported to the laboratory where they were placed in a 5-cm sand-filled PVC base that contained an opening to allow for drainage during infiltration measurements. The sand-filled base was then sealed with an absorbent. The surface of the soil columns was trimmed to a depth of 2 c within the PVC cylinder to allow for a level surface when using the tension infiltrometer during infiltration measurements.
Time domain refiectometry (TDR) probes and tensiometers were installed at the following depths in the soil columns from the surface: 1 cm, 3 cm, 5cm, 10 cm, and 15 cm. The TDR probes and tensiometers allowed for simultaneous measurement of the soil water content and matric potential with time. The TDR probes were three-rod probes made in a process similar to that described in Robinson et al. (2003) . Probe waveguides were 30 cm in length and had an outside diameter of 0.5 mm. The TDR probes were connected to a Tektronix 1502B metallic cable tester. The tensiometers were 10 cm in length, and pressure was recorded fi'om pressure transducers connected through a septa. Automated measurements were recorded using a data logger and a multiplexer.
Infiltration and Evaporation Measurements
Infiltration measurements were conducted with a 0.23-rn inner diameter disc permeameter (Perroux and White, 1988) , automated as described by Ankeny (1992) . First, infiltration was continued overnight at -3 cm head. The next morning, infiltration measurements were made at the following heads: 0. 3, (Profile II) , and the saline clay soil at El-Khamsein (Profile Ill).
-6. and -15 cm water. Measurement runs lasted for 30 mm, and recording of the water content and matric potential was obtained at 600-sec intervals. For each of the more negative heads (Ii). 2 to 4 runs (30 mineach) were conducted to achieve a steady-state infiltration rate at h. Hydraulic conductivity, K, at each h was determined from the steady-state infiltration rate by the method of Logsdon and Jaynes (1993) . The K values at each h were matched with soil water contents 0 that had been determined from the TDR measurements at l-cni depth. During the infiltration measurements. TDR and tensiometer data were recorded every 15 mm. Before and after the infiltration measurements, the soil niatric potential and water content were recorded every 30 minand I h. The soil columns were covered for 24 Ii after all infiltration measurements were completed to prevent evaporation and to allow for complete drainage. One (lay later, the soil columns were uncovered, and the columns were subjected to drying by a fan placed directly 0.6 m above the soil columns. The drainage opening of the sand-filled base was closed at this point. The drying of the soil columns lasted 2 weeks from the start of drying. At the end of drying, soil samples were taken to determine soil bulk density, porosity, and volumetric water content to calibrate the TDR measurements. Not all sensors worked properly for every column during the complete study.
Calculations
Water contents. 6, and pressure heads, Ii. were used to determine the drainage portion of the water retention curve, and unsaturated hydraulic conductivity (K) using the instantaneous profile method (Green et al., 1986) (0) independently. Additional wet-end K(0) data were obtained from the steady-state disc infiltration rate converted to K and from the water content at I cm at the steady-state rate as previously described. Wet-end K(0) was needed because of the rapid change in K for a small change in 0 near saturation. The wet-and middle-range data were combined with dryend h(6). To obtain dry-end h(0) data, we used previously collected data from the field site in which the dry-end water retention curve was determined by equilibrating disturbed soil in psychrometer chambers. The interpolated I 500-kPa water content was 0.103 g g'. Then sorbed water content was determined after equilibration in humidification chambers (Logsdon, 2005) for data at the water film level: the sorbed water content was 0.043 g g . Both dry-end values were converted to volumetric water content based on the bulk density of each column.
Because the points on the water retention curve were arbitrary, only the l-kPa and 1500-kPa (minus sorbed water) points were set for the data from each column. Several h(0) points were selected between these points to obtain a range of predicted K(0) data using Eq.(8). The measured K(S) values were pooled across depths for each column and compared with the predicted K(S) curves. Not all depths had usable data because of equipment problems. The root mean square error (RMSE) was used to test measured versus predicted K(S):
V where in andp refer to measured and predicted K(S), and a is sample number.
RESULTS AND DISCUSSION
Soil Pore Size Distribution
Numerically, there was a steeper slope in the wet end of water retention curve for the Borg sandy loam than for the alluvial clay soils (Fig. I) . but the alluvial clay soils had steeper slopes at the dry end of the water retention curve. The steeper slopes indicate a larger volume of pores corresponding to these pressure heads. High clay and high salinity at the El-Khamsein site contributed to these trends. The alluvial clay soils (Profiles II and Ill) had considerable swelling (Table 1) , which caused the wet end of the water retention curve to appear larger than total d,y porosity (Fig. 1) . Table 2 shows the same data divided by the .91 x iø -9.14 x 10-k01() pnj 01500 kPa-mono' p.m2 1.96 x 10 2.21 x 10-2.58 x 10 1.67 x 1.35 x 1.13 x io-1.20 x 10-4 1.12 x 10 6.87 x 10-total pore volume, which showed the same trends as in Fig. 1 . The calculated AWR and air-water ratios were larger for the Borg sandy loam than for the alluvial clay soils because of the coarse texture, high carbonates, and larger volume of large noncapillary pores in the Borg soil. Trends with depth were inconsistent among the soils. The Shebin clay soil was generally intermediate. The overall trends were in agreement with those obtained by El-Sharkawy (1994) and Hanna et al. (1997) .
Hydraulic Conductivity in Relation to Pore Size
Numerically, the K was low for the saline clay soil at ElKhamsein but variability was likely very high (Fig. 2) . This is 1e+2 -le-s-3 1e+1 Khan and Afzal (1989) , who showed that K was positively correlated with pores I to 33 kPa and was adversely affected by high electrical conductivity and SAR.
Calculated unsaturated K at the more negative )i was numerically higher for the clayey soils than for the sandy loam Borg soil at ElArab, as expected, because of the coarse soil (Ghazy. 1982) . In addition, the sandy loam soils had much lower Wa (Table 3 . Amer, 1993 Amer, , 2001 . Calculated unsaturated K in the midrange was similar among the soils. Numerically, the K values were higher in the surface soil (Fig. 2) because of cultivation. Multiplying by the C factor resulted in numerical values a couple orders of magnitude smaller, but the trends were similar (Fig. 3) .
The correlation of 0 with calculated K was significant for all classes with pressure potential greater than 10 kPa but was not significant for the class <10 kPa. The equations only considered matnc potential as the driving force, not gravimetric potential, which was more critical for the large noncapillary pores.
Intrinsic Permeability and Pores
The q ( 
Comparison of Measured and Predicted K(0)
The calculated K(0) compared fairl y well with measured K(0) for the silt loam soils (Fig. 4) . There was some scatter in the measured K(0) data because several depths were included that had minor differences. For the combined data of the six columns, the RMSE was 1.04 for log-transformed It. If the wetend points were omitted, the RMSE was reduced to 0.65. Given the measurement uncertainty, the theor y worked well for these silt loam soils.
SUMMARY AND CONCLUSIONS
In summary. calculated K(0) from water retention curves was point based rather than based on assumed shapes for 0(h) and K(0). Accommodation was made for sorbed water reduction in flow at the dry end and enhanced flow through quickly draining pores at the wet end. This made the equations ideally suited for soils high in silt and clay, whereas many PTF are more suited for sandy soils. The sorbed water associated with the clays was considered in our approach, as well as rapidly draining water at the wet end.
The concept was shown for soils high in expanding clay as well as in sand. Then an independent data set of silty soils was tested by determining the pore size distribution from the measured water retention curve, 0(h). The K(0) was determined from 0(h) and agreed fairly well with the directly measured K. It was important to include reduction in water flow for films on clay surfaces as well as rapid water flow through larger pores that occur in structured soils high in silt and clay. Point-based K calculation methods are recommended for soils high in clay and silt. 
